1. Introduction {#s0005}
===============

Three classes of parasites; protozoans, ectoparasites and helminthes, cause parasitic diseases in humans. Especially protozoan parasitic diseases result in a tremendous health burden worldwide, and the treatment is challenging due to limitations including drug resistance, high cost, low efficacy and poor safety [@b0005], [@b0010].

Parasites survive within host organisms, and some need intermediate hosts to complete their life cycle. Hosts present different environments for parasites; thus for survival, adaptation measures should be taken [@b0015]. Changes in temperature, pH and ionic strength between host environments, as well as the host immune system, might cause enormous stress. Interestingly, some protozoan parasites such as *Plasmodium falciparum* express large amounts of heat shock proteins (Hsps) to adapt to these changes and to proliferate [@b0020], [@b0025]. This makes Hsps potentially attractive drug targets against parasitic diseases.

Among Hsps, Hsp90 proteins are important in stress environment besides their more complex roles in numerous other physiological processes [@b0030]. Humans have two cytosolic isoforms (Hsp90α and Hsp90β [@b0030]), one mitochondrial isoform (TRAP1 [@b0035]) and one isoform (Grp94 [@b0040]) from endoplasmic reticulum (ER). Hsp90 exists as a homodimer, and each monomer is made up of three domains; the N-terminal ATP binding domain, C-terminal dimerization domain and the middle (M) domain responsible for client protein binding. These domains are highly conserved, and depending on the species Hsp90 contains two highly charged regions [@b0045].

Although Hsp90 became an important anticancer target in the last few decades, limited research has been done in targeting them for parasitic diseases [@b0015], [@b0050], [@b0055]. This is partly due to the view that the high conservation of the protein would make it difficult to develop an inhibitor specific to the Hsp90 of a particular organism. Here, we show that despite the overall structural conservation, parasitic Hsp90 proteins have unique features which separate them from human and vector Hsp90 proteins. The focus of this study is to investigate and compare the differences in sequence composition of human, vector and parasite Hsp90 proteins, and to build a profile of potential sites and features on the protein that could be exploited in selective drug discovery studies. Further, to date, attention in the literature has mainly been given to the ATP binding domain as a drug target. Recently, it was shown that the interface of the M domain of cytosolic Hsp90 and TPR2 domain of Hop (Hsp70/90 organizing protein) have striking differences between human and *P. falciparum* proteins [@b0060], and it was proposed as potential site for inhibitor design. Thus, this study examines the differences between human and parasitic sequences not only in the N-terminal ATP binding domain as a popular drug targeting site, but in the entire protein sequence with the intention of understanding the possibility of identifying new potential inhibitor sites.

Overall, the study included 104 Hsp90 sequences from parasites, vectors and human. The proteins were divided into three groups according to their subcellular localizations: cytosolic (Group A), ER protein (Group B) and mitochondrial proteins (Group C). Interestingly, the results showed significant differences between proteins of different subcellular localization as well as between the human and protozoan Hsp90 proteins in terms of postulated physicochemical properties, amino acid composition, phosphorylation and motifs. We believe that our findings provide a suitable platform and starting point for further *in silico* and wet-lab experiments on Hsp90 proteins as potential drug targets for protozoan parasitic diseases.

2. Materials and methods {#s0010}
========================

2.1. Sequence retrieval {#s0015}
-----------------------

Four human Hsp90 (HsHsp90) sequences were retrieved from NCBI. Parasite and vector Hsp90 homologs were searched by NCBI-BLAST using HsHsp90α and HsHsp90β for the cytosolic (Group A); HsGrp94 for the ER (Group B); and HsTRAP1 for the mitochondrial (Group C) proteins. In each case, reverse BLAST was applied to select true orthologs. A total of 100 sequences from 31 parasitic organisms (22 protozoa, 8 helmith and 1 ectoparasite) and 8 vectors were retrieved ([S-Data 1](#s0095){ref-type="sec"}). Further, for the phylogenetic tree calculations, six human and *P. falciparum* Hsp70 sequences, two for each group, were identified to use as outgroup control ([S-Data 1](#s0095){ref-type="sec"}).

2.2. Sequence alignment and phylogenetic tree calculations {#s0020}
----------------------------------------------------------

For all as well as for each group of sequences, multiple sequence analysis (MSA) used MAFFT's E-INS-i's protocol [@b0065]. Aligned sequences were analyzed by Jalview [@b0070]. All versus all pairwise sequence alignments were calculated by a Matlab script.

Protein phylogenies were created in MEGA6 [@b0075] using tree-building algorithms; Maximum Likelihood (ML [@b0080], [@b0085]) for all sequences and Neighbor Joining (NJ [@b0090]) for individual groups to measure the distances relative to Hsp70. The overall phylogeny was selected from the top three models with lowest BIC scores, namely Le and Gascuel (LG + G + I and LG + G) [@b0095] and Reverse Transcriptase (rtREV + G + I + F) [@b0080] algorithms. Where the bootstrap values were lower than 60, multifurcation was applied in the main figure ([Fig. 1](#f0005){ref-type="fig"}).

2.3. Physicochemical properties and statistical analysis {#s0025}
--------------------------------------------------------

For each group, physicochemical properties, i.e. molecular weight (Mr), hydrophobicity, aromaticity, isoelectric point (pI), instability index, aliphatic index, grand average of hydropathicity (GRAVY) and amino acid composition were calculated by Python and Biopython scripts. Calculations were also extended to the N-terminal ATP binding domain analysis. R-scripts were used to calculate boxplots. The Kruskal--Wallis test [@b0100] assessed the statistical significance (*p* ⩽ 0.05) of the differences between the physicochemical properties measured in the analysis of Hsp90 proteins from different groups.

2.4. Identification of phosphorylation sites {#s0030}
--------------------------------------------

Sequences were submitted to the Netphos 2.0 web-server [@b0105] to calculate the phosphorylation sites for serine, tyrosine and threonine residues. A Python script mapped the results into the alignment file, and colored accordingly in Jalview.

2.5. Homology modeling {#s0035}
----------------------

Homology models of cytosolic *Homo sapiens* Hsp90 (HSA_A) and *P. falciparum* Hsp90 (PFA_A), and the ER bound isoform of Hsp90 for *P. falciparum* (PFA_B) and *Leishmania mexicana* (LME_B) were calculated using MODELLER v9.13 [@b0110]. The HHPred web-server [@b0115] was used to identify templates. For the cytosolic proteins (HSA_A and PFA_A) 2CG9 was used as the primary template, while 2O1U was utilized as the main template for both ER bound models (PFA_B and LME_B). HSA_A 3T10, (residues 16--223) and 2CGE (residues 241--677); PFA_B, 3PEH (residues 69--330); LME_B, 2CG9 (residues 119--142 and 149--166) and 1Y6Z (residues 345--357 and 362--371) were incorporated into the modeling alignment to allow for several insert regions. Structural data for some of the model segments (HSA_A: residues 1--17, 230--281 and 695--732; PFA_A: residues 223--240, 307--316, 580--593 and 661--677; PFA_B: residues 1--68 and 808--821; LME_B: residues 1--40 and 731--776) were missing, thus could not be modeled. 100 models were calculated per protein and the model with the lowest DOPE-Z score was selected for unique motif mapping.

2.6. Motif analysis {#s0040}
-------------------

MEME web-server [@b0120] was used to search for conserved motifs with motif length ranging 6--300 amino acids in each group as well as in the N-terminal domains. A Python script was written to analyze the MEME and MAST log-files, giving as output a heat-map showing conservation. Heat-map results were further analyzed, specifically for cytosolic HSA_A and PFA_A, and ER unique motifs for PFA_B and LME_B, and mapped to their respective homology models by Python scripting and visualized in PyMOL [@b0125].

3. Results and discussion {#s0045}
=========================

3.1. Reverse BLAST and phylogenetic tree calculations agreed in grouping the sequences {#s0050}
--------------------------------------------------------------------------------------

Since many parasitic sequences used here have not been experimentally annotated, reverse BLAST approach was used to select the true orthologs for each group. Grouping of these sequences according to cellular localization was further confirmed by phylogenetic tree calculations ([Fig. 1](#f0005){ref-type="fig"} and [S-Data 2](#s0095){ref-type="sec"}). As shown in [Fig. 1](#f0005){ref-type="fig"}, most of the major nodes of the tree were strongly supported by high bootstrap values (\>75%). The phylogenetic tree showed clear separations of each group as well as of the Hsp70s control sequences. Taxonomic separation of each Hsp90 group relative to Hsp70 sequences of the same group is presented in [S-Data 2A--C](#s0095){ref-type="sec"}. Neighbor Joining distance matrix method was used for this [@b0090]. The controls as expected showed long outgroup branch proving they are distantly related to the Hsp90 proteins. Finer analysis using the distance scale also revealed that the protozoan Hsp90 proteins are located far from human Hsp90 proteins in Groups A, B and C. This shows that as compared to other parasites, they are significantly more distantly related to humans. In the absence of Hsp70s, Hsp90 Group C proteins formed an outgroup with a high bootstrap value (100%), indicating that they are the oldest Hsp90 isoforms ([S-Data 2D](#s0095){ref-type="sec"}). Group A proteins shared a more recent common ancestor with Group B proteins than with Group C, as reported previously [@b0130], [@b0135]. As expected, within each group of proteins, ectoparasite and helminthes clustered together with the vector and human sequences, while protozoan sequences formed their own distant clusters.

3.2. Group A proteins are more conserved than Group B and C proteins {#s0055}
--------------------------------------------------------------------

To analyze conservation, all versus all pairwise sequence identities were calculated per group ([Fig. 2](#f0010){ref-type="fig"}), showing that Group A proteins were the most conserved with most pair identities above 60% (0.6). Group B proteins displayed most pair identities between 0.4 and 0.6, while the least conserved group was Group C. In Groups A and B, human Hsp90 proteins showed high conservation with the helminth, ectoparasite and vector Hsp90 proteins (small rectangles in [Fig. 2](#f0010){ref-type="fig"}), while protozoan Hsp90 proteins were relatively distantly related to human Hsp90 proteins and to each other (triangles in [Fig. 2](#f0010){ref-type="fig"}). These findings were also supported by phylogenetic tree results presented in [Fig. 1](#f0005){ref-type="fig"}. Interestingly, in Group A Hsp90 from *Giardia intestinalis* (GIN_A), which colonizes and reproduces in the small intestine causing giardiasis, had around 50% sequence identity to all other sequences (green bar in [Fig. 2](#f0010){ref-type="fig"}A matrix). This distinct separation was also observed in the phylogenetic tree.

Further, within each group alignment, protein sequences were divided into five regions: namely N-terminal ATP-binding domain, linker region 1, M domain, linker region 2 and C-terminal domain ([S-Data 3A](#s0095){ref-type="sec"}). HsHsp90 sequences were used to define these regions. For N-terminal, M and C-terminal domains, again, all versus all pairwise sequence identities were calculated ([S-Data 3B](#s0095){ref-type="sec"}). Group A proteins showed a higher degree of conservation in their domains than the other groups, with the N-terminal being most conserved, followed by M domain and then C-terminal domain. This order was the same for Group B domains, though the degree of conservation in each domain was much less compared to Group A. In Group C, the N-terminal domain was more conserved than in Group B but less than in Group A; both M and C-terminal domains showed similar conservations.

The N-terminal domain contains the ATP binding site [@b0140], and the high conservation of this domain among the groups can be linked to its functional importance. Yet, it is known that human Hsp90 proteins of organelles have subtle differences in ATPase activity, and the exact mechanism is still under investigation. TRAP1 has higher ATP affinity than the cytosolic Hsp90 [@b0145]. Grp94 has mechanistically important differences in the interaction with ATP [@b0150]. Although overall N terminal domain is structurally conserved, these differences in human Hsp90 proteins and those of other organisms might be attributed to the residue level variations as well as environmental factors discussed later.

The M domain is involved in client protein binding and activating ATP hydrolysis [@b0155]. This domain is also conserved with very few gaps in Group A Hsp90 proteins. Therefore, the high level of conservation might explain why host Hsp90 proteins have been reported to associate with the parasite's proteins [@b0020]. Conservation was observed in Group B as well, but interestingly, the protozoan Hsp90 M domain has an approximately 30 residue extension ([S-Data 3C](#s0095){ref-type="sec"}) suggesting that a different set of substrates might bind to this domain. Furthermore, the region is rich in charged residues indicating that it is exposed at the tertiary structure level. Therefore, this unique extension is a possible site for allosteric inhibitors to selectively bind to protozoan Hsp90 proteins. The M domain of Group C had only very few gaps in the alignment. Uniquely, only the *Plasmodium* sp. *Hsp90 proteins* had small insertions.

The C-terminal shows conservation in all groups with few gaps. While the conserved motifs MEEVD (Group A) and KDEL (Group B) at the extreme carboxyl terminus were observed, no conservation was observed in Group C. However, unique patterns were observed in clusters. For instance, host and vector sequences possessed motif L\[ED\]\[KRI\]H while *Leishmania* sp. and *Trypanosoma* sp. P\[ST\]AD\[KQ\]. Even though the importance of Group C carboxyl terminus motifs have not been elucidated yet, this level of conservation within the classes of organisms reveals the possibility of functional significance.

The linker regions are the least conserved regions in each group. For instance, *Plasmodium* sp. cytosolic Hsp90 proteins have a long insertion in the linker region 1. Studies have revealed that the charged linker region plays a crucial role in the sensitivity of ATP [@b0160]. It was shown that PfHsp90 and Hsp90 from *Trypanosoma evansi* were selectively targeted using low concentrations of the geldanamycin *in vivo* [@b0050]. Interestingly, *T. evansi* Hsp90 lacks the extended charged linker but the inhibitor in low concentrations could still bind, which shows that increased sensitivity might be due to the charged linker region in combination with effects from elsewhere in the protein. Interestingly, Group B *Babesia* and *Trypanosoma* sp. Hsp90 proteins had a much shorter linker region 1 than other Hsp90 proteins, and lack the variable region.

3.3. Environment plays a role in the overall physicochemical properties of Hsp90 proteins {#s0060}
-----------------------------------------------------------------------------------------

The environment in cellular compartments is regulated to provide optimal activity to cellular processes. In order to analyze if Hsp90 proteins have environmental specific features, physicochemical properties were calculated for three groups ([Fig. 3](#f0015){ref-type="fig"} and [S-Data 4](#s0095){ref-type="sec"}).

*Isoelectric point* calculations indicated that the Hsp90 proteins were acidic in nature (pI \< 7.0). Group A proteins showed a very small range of pI (4.81--5.16). The range for Group B proteins was broader (4.45--5.88). In this group, some outliers were observed; *Trypanosoma brucei* (TBR_B), *Plasmodium vivax* (PVI_B) and *Plasmodium berghei* (PBE_B) *Blastocystis hominis* (BHO_B). Interestingly, Group C proteins had a higher and wider range of pIs (5.38--7.69) than other groups. Only Human TRAP1 (HSA_C) was found to be basic at 7.69.

*Instability index* measures the stability of a protein in a test tube [@b0165]. Most of the proteins in Groups A and C had instability index higher than 40, thus the mean values of Groups A and C predicted the Hsp90 proteins to have a shorter half-life, while Group B Hsp90 proteins are stable as most of the proteins had an instability index value less than 40. *B. hominis* (BHO_B) had a uniquely high instability index value.

Since there is a good correlation between *aliphatic index* and thermostability of globular proteins [@b0170], it can predict thermostability. Overall, Hsp90 proteins had high indices in all groups (73.5--94.0). Yet, ER and mitochondrial proteins had higher values than cytosolic proteins, predicting that Group B and C proteins are more stable at high temperature. Group A had *Leishmania infantum* (LIN_A) and *Leishmania major* (LMA_A), and Group B had again *B. hominis* as outliers, with high aliphatic indices indicating their increased stability at high temperatures relative to HsHsp90.

*Grand average hydropathicity* (GRAVY) predicts interaction of a protein with water [@b0175], with lower values indicating better interaction. Hsp90 proteins had very low values, indicating good interaction with water. This was supported by hydrophobicity calculations indicating hydrophilic behavior. Interestingly, Group A and B HsHsp90 proteins had lower GRAVY values than parasitic Hsp90 proteins, whereas Group C protozoans were predicted to interact with water better than HsHsp90.

The data produced from the calculation of physicochemical properties in different groups was non-parametric. Thus, whether samples originated from the same distribution was tested using the Kruskal--Wallis test [@b0100], with null hypothesis H~0~ (same distribution), and H~1~ as the alternate hypothesis. All the *p*-values of each property were less than 0.05 (aromaticity: 1.168e^−4^; instability index: 2.501e^−3^; hydrophobicity: 3.706e^−12^; isoelectric point: 9.768e^−14^; GRAVY: 4.029e^−12^; aliphatic index: 4.774e^−06^), therefore there was evidence to reject the null hypothesis that the three groups had the same distribution for each property. The statistical analysis showed that the distributions of the properties in each group are different, implying that the environment plays a major role in the overall properties of a protein.

Further physicochemical analysis was done on N-terminal ATP binding domains only, in each group ([Fig. 4](#f0020){ref-type="fig"}). Surprisingly, while isoelectric point, instability index and aromaticity calculations had the same trend as the full length proteins; aliphatic index, GRAVY and hydrophobicity showed almost an opposite tendency to that of the full length proteins. One interesting observation came from isoelectric point calculations. In full length protein analysis, Human TRAP1 (HSA_C) was the only basic (7.69) protein in all groups. N-terminal domain analysis, on the other hand, identified three basic outliers in Group C, namely LIN_C, LMA_C, and *Naegleria gruberi* (NGR_C). TRAP1 N-terminal domain was acidic (6.11) indicating that the basic feature of this protein is due to other domains.

3.4. There is more variability in the amino acid distribution across organisms in Groups B and C than in Group A {#s0065}
----------------------------------------------------------------------------------------------------------------

[Fig. 5](#f0025){ref-type="fig"} and [S-Data 5](#s0095){ref-type="sec"} show the occurrence frequency of each amino acid in an Hsp90 from certain organisms in different groups. Interestingly, the calculations revealed that E, K, L and D are predominant in Group A and B Hsp90 proteins, while D is replaced by S in Group C. The predominance of charged residues (E, K and D) might explain why Hsp90 proteins generally interact well with water as discussed previously. This observation also indicates client specificity of Hsp90 proteins. It was shown that surface electrostatics determine the interaction with the Hsp90 chaperone complex [@b0180].

In general, there is an approximately uniform distribution of amino acids across organisms in Group A. On the other hand, the distribution in Groups B and C is more variable. This is particularly true for parasitic Hsp90 proteins. In Group B, the occurrence frequency of E was relatively higher in human Hsp90 than in protozoans. *B. hominis* was the only protozoan with E composition higher than human. The *Leishmania* and *Plasmodium* sp. had higher compositions of V and I respectively than human Hsp90. These protozoans also had relatively higher R composition. In Group C, human Hsp90 has a uniquely high composition of L and R residues which are both positively charged. The predominance of these residues is mainly the reason why the HsHsp90 has a basic nature ([Fig. 4](#f0020){ref-type="fig"}). The occurrence frequency of K was higher (around 10%) in *P. falciparum, P. vivax* and *P. yoelii yoelii* than in HsHsp90 (6.5%). Interestingly, *Plasmodium* sp. Hsp90 proteins had also much higher N occurrence (around 10%) than human (2.6%). On the other hand, *Plasmodium* sp. had very low W, C, M and Y compared to the human Hsp90.

Further, the calculations were repeated for only N-terminal ATP binding domains, and indicated that the domain amino acid compositions had approximately the same trend as for full length sequences ([S-Data 5](#s0095){ref-type="sec"}).

3.5. Serine and tyrosine are favored phosphorylation residues {#s0070}
-------------------------------------------------------------

Phosphorylation is an important Hsp90 post-translational modification as it influences client binding, co-chaperone interaction, and inter-domain communications [@b0185], [@b0190]. A number of S, T and Y phosphorylation sites have been discovered in human Hsp90 proteins with important functions [@b0195], [@b0200], [@b0205]. It has also been shown that the function of *P. falciparum* Hsp90 depends on phosphorylation [@b0020]. Thus better understanding of the phosphorylation site differences between parasitic and human Hsp90 proteins might be critical while targeting the protein.

Here, phosphorylation sites were calculated for each protein and mapped to the sequences in the alignment results ([S-Data 6](#s0095){ref-type="sec"}). Group A showed patterns of conservation among S and Y sites but not in T. A similar tendency was observed in Group B and C, although little conservation was detected in the C-terminal domains. Among the predicted phosphorylation sites, some have already been experimentally identified in humans [@b0200], [@b0210]. The experimentally determined sites of HsHsp90α were also shown in the alignment for Group A. To verify the predicted sites, a comparison was made between experimentally elucidated sites [@b0200] and our predictions. The results were mostly in agreement (13/17 Hsp90α and 10/16 Hsp90β) ([Table 1](#t0005){ref-type="table"}). The failed predictions were mostly in the C-terminal domain. Another review showed a strong correlation with our phosphorylation predictions except for Hsp90α t36, Hsp90β t31 and Hsp90β s206 [@b0205]. Additionally, recently, s225 and s254 were identified experimentally as Hsp90β phosphorylation sites [@b0215]. However, this numbering shifts one residue in our predictions (s226 and s255) which correlate with other experimental data [@b0200], [@b0220]. The full peptide sequence, used in Kim et al. [@b0215] experiments, was not provided. This one residue mismatch is most probably due to omitting the first residue (Met) of the protein in their experiments, as there is only one serine residue around those positions (s226 -- EKEI**S**DDEAEE and s255 -- IEDVGSDEEDD**S**KGDK).

Interestingly, most experimentally studied sites are located in the N-terminal domain while this study predicted a global distribution. There are interesting cases where a site is predicted to be phosphorylated for most organisms, but the residue has not been investigated experimentally, e.g. HsHsp90α 113. There are also residues predicted to be phosphorylated in human and vectors, but not in protozoan parasites, e.g. HsHsp90α 184. These unique sites might be relevant to the function for specific organisms. The percentage of total number of phosphorylated residues of interest over the total number of residues of interest per group was calculated for each case, i.e. S, T and Y ([Fig.6](#f0030){ref-type="fig"}A). In Group A and B, of all the S residues, almost 50% were predicted to be phosphorylation sites, and in Group C this ratio was 43%. Y ratios were lower than S ratios but higher than T ones. This is interesting as the amino acid composition results ([Fig. 5](#f0025){ref-type="fig"}) showed that T is a more abundant residue in Hsp90 proteins than Y, yet Y was a more favored phosphorylation residue. Y phosphorylation is very important as it affects Hsp90 interactions with distinct client proteins [@b0225], [@b0230]. Overall, S and Y were the favored phosphorylation sites. [Fig.6](#f0030){ref-type="fig"}B presents a comparative analysis within each group.

3.6. Group B and C have motifs unique to specific organisms {#s0075}
-----------------------------------------------------------

Motif conservations may reflect the functional importance of certain regions in a protein, therefore a detailed motif analysis was conducted ([Fig. 7](#f0035){ref-type="fig"}). In Group A, 16 out of 94 motifs found were highly conserved in all proteins. All domains had long conserved regions. Previous studies revealed that host chaperones associate with parasitic proteins in the early stages of infection [@b0020] thereby suggesting human Hsp90 proteins facilitate the trafficking of parasitic proteins. The high level of conservation observed is possibly one reason for chaperone machinery hijacks by parasites. Interestingly, even though motif analysis showed that Group A proteins are highly conserved, at a residue level there are striking differences between human and protozoan parasite proteins, making those residues possible drug target sites. Recent findings [@b0235] support this view, having identified *P. falciparum* specific residues in the ATP-binding pocket which makes the protein differ from the human one in protein structure and dynamics. To further analyze the residue differences, we looked at the Hsp90--Hop interface from motif conservation perspective. Hsp90 functions as part of a multi-chaperone machine. One of its most important co-chaperones is Hop protein. This co-chaperone is responsible for delivering and transferring client proteins to Hsp90 for folding. As such, besides reserving a binding site for client proteins, Hatherley et al. reported several residues on Hsp90's surface thought to be responsible for Hop binding [@b0060]. Analyzing the Group A motif data, we found that the 11 Hsp90--Hop interaction residues reported by Hatherley and co-workers were located in motifs 4 and 5. As is indicated in [Fig.7](#f0035){ref-type="fig"}A, these motifs were conserved in all organisms, except *G. intestinalis* (GIN_A). GIN_A was missing motif 5. Interestingly however, a more detailed analysis of motif 4 showed striking differences in key residues. To illustrate these findings, a homology model of human and *P. falciparum* cytosolic Hsp90 was calculated, and the sequence data was mapped to the structures ([Fig. 8](#f0040){ref-type="fig"}). The data shows that while the motif 4 as a whole is conserved, several residues differ between the two organisms, in particular Ala 469 and Thr 482, two of the six Hsp90--Hop interacting residues located in this motif. It thus stands to reason that designing an inhibitor that targets the highly conserved motif 4 would likely have an effect on protein function, with the key residue differences at sequence level, providing the means for the design of an inhibitor with species specificity.

Unlike Group A, both Group B and C proteins showed more variations. Besides conserved motifs, unique patterns of motifs specific to organisms, especially in the protozoans, were also observed ([Fig.7](#f0035){ref-type="fig"}B and C). In Group B, *Leishmania* sp., *Babesia* sp. and *Plasmodium* sp. had sets of motifs that were unique to themselves. In Group C, the same trend was observed as Group B. *Leishmania* sp. and *Trypanosoma* sp. had unique motifs. Surprisingly, *P. falciparum* lacked motifs that were conserved in *P. berghei* (PBE_C) and *P. yoelii* (PYY_C). Distinct motifs of *Leishmania* sp., and *Plasmodium* sp. that were missing in human Hsp90 were mapped to the representative models of PFA_B and LME_B ([Fig. 9](#f0045){ref-type="fig"}). Only motif 38 in PFA_B and 26 in LME_B were not included as the structures were not modeled for those regions. While the residue content and length of the motifs differed greatly, the relative correlation of their positions in the two parasitic proteins was interesting. The most notable comparison was observed for motif 18 (PFA_B, position 356--385) and 22 (LME_B, position 427--456), identified as the same length and located at a similar position in the M domain.

While the structural domains of Hsp90 are largely conserved across species, we propose that the unique species specific motif data presented here could provide the required evidence for the identification of novel selective drug target sites; especially in the instances where motifs were found to be unique to a single species. The conservation of the secondary structure of these regions suggests putative functional relevance, which in turn could be selectively targeted using computer-aided drug design methods such as molecular docking and high-throughput screening studies.

3.7. Motif analysis of the ATP binding domain also showed organism specific unique motifs {#s0080}
-----------------------------------------------------------------------------------------

The function of Hsp90 is driven by the binding and hydrolysis of ATP at the N-terminal ATP binding domain. Given its functional importance, the ATP binding domain of Hsp90 has been investigated as a potential drug target site for the treatment of several diseases. However due to the high conservation of the domain, selectivity has been a limiting factor in the clinical trials of inhibitors such as geldanamycin and radicicol. As such a comparative analysis of motif conservation as determined from MEME analysis was carried out ([Fig. 10](#f0050){ref-type="fig"}). The ATP binding domain or Bergerat fold was identified in Hsp90's [@b0140], highlighting three motifs that showed conservation with the type II topoisomerases reported by [@b0240]. These motifs were used as filtering parameters in the analysis of our N-terminal domain motifs. We found that all three motif sequences reported by Prodromou and co-workers [@b0140] were present in our motif results (Group A, motif 1 and 2; Group B motifs 1, 2 and 3; Group C motifs 1, 2 and 3). It was interesting to note that motifs 1, 2, and 3 were completely conserved in Group B, while motifs 1 and 2 were absent in PBE_C (Group C) and *Brugia malayi* (BMA_A; Group A) respectively. While these motifs show clear conservation of the functionally important regions, several other motifs were identified to be unique to certain organisms. In Group A, BMA_A and *Anopheles gambiae* (AGA_A) had four unique motifs (7--10) that were found to be located in between the functionally important motifs 1 and 3 along the linear sequence. Motif 6 was found to be unique to BMA_A and GIN_A, located between motifs 2 and 3 in the latter case.

In Group B, interesting differences were observed between human and parasitic organisms. Motif 8 was unique to the *Leishmania* sp. (LIN_A, LMA_A, LBR_A and LME_A) as well as to *T. brucei* (TBR_A). Additionally motif 10 was found to be unique to the *Schistosoma* sp (SMA_A and SJA_A). Here again motifs are located linearly between the functional motifs 1 and 3, and 2 and 3 respectively ([Fig. 11](#f0055){ref-type="fig"}). Using the same premise for analysis in Group C, both motif 8 and 9 were found to be specifically unique to the *Leishmania* species as well as to *Trypanosoma cruzi* and *brucei* (TBR_C and TCR_C). Interestingly motif 8 is located between motifs 2 and 3 while motif 9 is located between motifs 1 and 2. This analysis of all three groups' shows that there exist certain motifs within close vicinity to functionally important subdomains in the N-terminus of Hsp90, and especially in the case of *Leishmania* and *Trypanosoma*, targeting design inhibitors to these unique motifs may provide the as yet elusive selective drug for the highly attractive ATP domain. ***In conclusion***, this study aimed to build a profile of potential sites and features on the protein by studying the differences in sequence composition of human, vector and parasite Hsp90 proteins. Doing so, this study provided a number of novel findings. Overall, cytosolic proteins seemed more conserved in many aspects than ER and mitochondrial proteins, yet there were striking differences within each group, especially between human and protozoan parasites. In general, the results supported the view that Hsp90 proteins are interesting potential drug targets especially for protozoan parasitic diseases. We believe that our findings provided a suitable platform and starting point for further *in silico* and wet-lab experiments.
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====================

Ö.T.B. conceived and designed the project; N.F. and D.L.P. acquired the data; N.F., D.L.P. and Ö.T.B. analyzed and interpreted the data, and wrote the paper.

Appendix A. Supplementary data {#s0095}
==============================

Supplementary data 1List of all the sequences used in this study. A: List of the human Hsp90 proteins with their isoforms. The location of the proteins in the cell is also indicated. B shows the parasitic and host sequences that were retrieved from the NCBI database using the human Hsp90 as query. C: Hsp70 sequences. The location of the proteins in the cell is also indicated. Sequences are colored in tables according to their groups. Blue: protozoa, red: helminths, green: ectoparasite and black: vectors.Supplementary data 2Phylogenetic tree calculations. A: Group A, B: Group B, C: Group C, D: All sequences together. The tree building methods used were Neighbor Joining distance matrix for A, B, and C and Maximum Likelihood for D. Using Le_Gascuel_2008 model to calculate trees, the discrete Gamma distribution was used to model evolutionary rate differences among sites. The rate variation model allowed some sites to be evolutionarily invariable specifically A: (5 categories (+G, parameter = 3.6824)) and (\[+I\], 0.7609% sites); B: (5 categories (+G, parameter = 0.9723)) and (\[+I\], 0.0000% sites); C: (5 categories (+G, parameter = 1.1790)) and (\[+I\], 0.0000% sites); D: (5 categories (+G, parameter = 3.6591)) and (\[+I\], 1.0988% sites) [@b0090]. Color representation SD-2D: Branches; red: Group A, black: Group B and blue: Group C. Sequences; black: vectors (bold italics: hosts), pink: ectoparasite, green: helminthes and maroon: protozoa.Supplementary data 3Multiple sequence analysis of Hsp90 proteins. S2-A: Sequence identity calculation of individual domains in Groups A, B and C. S2-B: Multiple sequence alignments of Groups A, B and C. The conserved residues are colored blue in all the groups while the black vertical lines separate domains in the alignment. S2-C: A. Unique region in the middle domain of Group B Hsp90 proteins. The blue highlighting indicates residues conserved throughout the sequences and the red boundary shows the region dissimilar to the non-protozoan sequences. B. A schematic representation of the protozoan Hsp90 indicating its unique middle domain. The arrow shows the insertion. N: N-terminal domain, CL: charged linker, M: middle domain and C: C-terminal domain.Supplementary data 4Physicochemical properties calculations using the Biopython module. A: Group A, B: Group B, C: Group C, D: Group A-ATP domain, E: Group B-ATP domain, F: Group C-ATP domain. The background colors represent classification of organisms. Gray: human and host, blue: protozoa, green: helminths and white: ectoparasite.Supplementary data 5Amino acid occurrence frequencies of Hsp90 proteins. \[Count of a particular residue/sequence length\] \* 100% A: Group A, B: Group B and C: Group C, D: Group A-ATP domain, E: Group B-ATP domain and F: Group C-ATP domain.Supplementary data 6Multiple sequence alignment of all sequences showing positions of predicted phosphorylation sites. A Python script was used to extract information from the Netphos text file and map the residues on the alignment. A: Group A. The numbers above the top row represent the human Hsp90α residues that were experimentally identified. B: Group B, C: Group C. The colors represent, Blue: serine residues, Red: tyrosine residues, Black: threonine residues.
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![Phylogenetic tree. Evolutionary history inferred by Maximum Likelihood [@b0085] analysis using the Le and Gascuel model [@b0095]. The discrete Gamma distribution was used to model evolutionary rate differences among sites and rate variation model allowed for some sites to be evolutionarily invariable respectively (5 categories (+G, parameter = 3.6824)) and (\[+I\], 0.7609% sites) respectively. Color representation: branches; red: Group A, black: Group B and blue: Group C. Sequences; black: vectors (bold italics: hosts), pink: ectoparasite, green: helminthes and maroon: protozoa.](gr1){#f0005}

![Pairwise sequence identity calculations. Top row displays heat maps, where conservation increases from blue to red. Bottom row displays histograms where *x*-axis represents sequence similarity as a fraction and *y*-axis represents number of sequence pairs, and right column displays scores as a matrix (similarity scores for every sequence versus every sequence represented as a fraction as per the scale).](gr2){#f0010}

![Distribution of physicochemical properties in each group presented as boxplot. Each box contains three box plots that are ordered to represent Group A, B and C. The middle line shows the central value (median). The first and third quartiles are the edges of the box where the first quartile is the value such that, 25% of the values fall at or below this value and third quartile is the value when 75% of the values fall at or above this value. Whiskers (dashed lines) indicate variability outside the quartiles and this region is calculated by adding 1.5 to the third quartile value and subtracting 1.5 to the first quartile value. The circles represent outliers, points that lie outside the whisker region and are plotted individually.](gr3){#f0015}

![Distribution of physicochemical properties of N-terminal ATP domain in each group presented as boxplot. Each box contains three box plots that are ordered to represent Group A, B and C. Other features are as described in [Fig. 3](#f0015){ref-type="fig"}.](gr4){#f0020}

![Occurrence frequency of amino acids in Hsp90 proteins. The occurrence frequency of amino acids in each group increases from blue to red. (A) Group A, (B) Group B and (C) Group C. The lines represent the types of organisms as shown in the key; red: protozoa, blue: helminths and black: vectors.](gr5){#f0025}

![Representation of phosphorylation sites as histogram. Frequency is represented as a percentage on the *y*-axis while the *x*-axis shows the group or protein names. (A) Ratios of phosphorylated residues as a percentage of total similar residues per group (e.g. \[total number of phosphorylated serines in the group/total number of serines in the group\] \* 100%). The phosphorylation sites are colored accordingly; green: serine, blue: threonine and yellow: tyrosine. (B) Ratios of phosphorylated residues as a percentage of total similar residues per sequence (e.g. \[number of phosphorylated serines/total number of serines per sequence\] \* 100%).](gr6){#f0030}

![Motif analysis output presented as a heat map. The colors represent conservation which increases from blue to red while white represents absence of motifs. (A) Group A; (B) Group B; (C) Group C.](gr7){#f0035}

![Group A Hsp90 and Hop interface analysis for motif 4: pairwise alignment of motif 4 between *H. sapiens* and *P. falciparum* (A), mapped to homology models of cytosolic Hsp90 in *H. sapiens* (B) and *P. falciparum* (C). In all figures, blue represents conserved residues, green represents residue differences, and red represents Hop--Hsp90 interacting residues. Sequence numbering on pairwise alignment is for *H. sapiens* (residues 434--513), the corresponding residues for *P. falciparum* (residues 387--467).](gr8){#f0040}

![Unique motifs mapped to the homology models. (A) *P. falciparum* (top), *L. mexicana* (bottom). (B) Figure key. The motifs are numbered according to MEME results and colored according to their position for ease of comparison.](gr9){#f0045}

![Motif analysis of the N-terminal domain of Hsp90 presented as a heat map. The colors represent conservation which increases from blue to red while white represents absence of motifs. (A) Group A; (B) Group B; (C) Group C.](gr10){#f0050}

![Snap shot of unique motifs to species from MEME motif analysis. (A) Unique motifs in Group B. Motif 8 unique to the *Leishmania* sp. and *Trypanosoma brucei*, wedged in between motif 1 and 3. Motif 10 unique to the *Schistosoma* sp., located between motifs 2 and 3. (B) Unique motifs in Group C. Motifs 8 and 9 were uniquely conserved in the *Leishmania* species and *Trypanosoma cruzi* and *brucei*, being located between motifs 1 and 2 for the former and between 2 and 3 for the latter.](gr11){#f0055}

###### 

Comparison of predicted and experimentally established human Hsp90 phosphorylation sites.

  Domain                                                                                                                                                                                            Experimental residues                                                                                                                  Refs.
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------
  N-terminal                                                                                                                                                                                        **Hsp90α** -- t5, t7, t36[⁎](#tblfn1){ref-type="table-fn"}, y38, s63, t65, s68, s72, t88[⁎](#tblfn1){ref-type="table-fn"}, t90, s231   [@b0200], [@b0245], [@b0185], [@b0250], [@b0255]
  **Hsp90β** -- t31[⁎](#tblfn1){ref-type="table-fn"}, y56, y192, s206[⁎](#tblfn1){ref-type="table-fn"}, s226                                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                           
  Middle                                                                                                                                                                                            **Hsp90α** -- s252, s263, y493[⁎](#tblfn1){ref-type="table-fn"}                                                                        [@b0260], [@b0265], [@b0270], [@b0275]
  **Hsp90β** - s255, t297[⁎](#tblfn1){ref-type="table-fn"}, y300, s307[⁎](#tblfn1){ref-type="table-fn"}, s452, y484, s532[⁎](#tblfn1){ref-type="table-fn"}, y596[⁎](#tblfn1){ref-type="table-fn"}                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                           
  C-terminal                                                                                                                                                                                        **Hsp90α** -- y604, t725, s726                                                                                                         [@b0260], [@b0280]
  **Hsp90β** -- y619[⁎](#tblfn1){ref-type="table-fn"}, s718                                                                                                                                                                                                                                                                                

Shows the residues that failed to be predicted.
